The cyanobacteria are oxygen-evolving photosynthetic procaryotes which have a number of features ideally suited to the study of the molecular biology of photosynthesis. These organisms perform plantlike photosynthesis and, being procaryotes, they are in principle more amenable to genetic manipulation. It has also been demonstrated that several cyanobacterial species are transformable with purified DNA. These transformation systems, however, have generally relied on one of two approaches. Either endogenous plasmids have been isolated from these species and used to construct shuttle vectors capable of replication in both Escherichia coli and the cyanobacterium (3, 7-9, 17, 32) , or DNA has been purified from cyanobacterial cells of a defined phenotype and used to transform wild-type cells of the same species (presumably by homologous recombination) (5, 10, 23, 25, 28, 30) . It would, however, be advantageous to have a system for introducing heterologous DNA into these cells directly. In this report, we describe a transformation system for the cyanobacterium Synechocystis sp. PCC 6803 which does not require an autonomously replicating plasmid and in which transformation is independent of homologous recombination.
For these experiments we have chosen the photoheterotrophic cyanobacterium, Synechocystis sp. strain 6803 (24) . This species is known to be transformable (10) , and defined photosynthetic mutants of this strain have been isolated (2) . The transformation procedure used in these experiments follows standard cyanobacterial protocols (17, 25) except in one important step. Prior to the addition of DNA to a suspension of cyanobacteria, the cells are exposed to low-level doses of UV irradiation. This approach was chosen for several reasons. In response to UV irradiation, E. coli and other procaryotic cells induce various repair and other processes collectively known as the SOS response (see * Corresponding author. references 11 and 29 for reviews). Among the phenomena associated with SOS repair is the temporary alleviation of host-controlled restriction (20) . This phenomenon allows, for example, phage that are normally restricted for growth on the host to successfully propagate (4) . The occurrence of restriction endonucleases in certain cyanobacteria has been well documented (12) . We therefore reasoned that irradiation of the host cells with UV light might allow any DNA that is introduced into the cell to escape degradation by host restriction endonucleases. In addition, UV irradiation can lead to the introduction of single-strand nicks and doublestrand breaks in DNA molecules (31) . However, during SOS repair, these breaks are resealed. It is possible that during this time these cells, which also have elevated levels of proteins associated with recombination, may become "recombinogenic," and any exogenous DNA found in the cell may at a low frequency become integrated into the chromosome. In this article we report on the usefulness of this approach and define several parameters of this transformation protocol.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Axenic cultures of Synechocystis sp. strain 6803 (24) were obtained from the American Type Culture Collection (ATCC 27184) and were grown at 28°C in 80 ml of a modified medium C of Kratz and Myers (16) . In place of KNO3 and Fe2(SO4)3 -6H20, 1.5 g of NaNO3 and 0.012 g of ferric ammonium citrate per liter, respectively, were added. The medium was also supplemented with 0.04 g of Na2CO3 per liter. The cells were illuminated with approximately 3,500 lx from a bank offour fluorescent cool white bulbs and were kept in suspension by agitation on rotary shakers. Synechocystis sp. strain 6803 derivative 6803V, 6803,789, and 6803V-T and their isolation are described in this report. The UV-iight-irradiated cells and control samples were illuminated for 6 h at 3,000 lx, with occasional shaking at 300C, and were then plated in top agar (modified BG-11 [6, 24] (27) . Hybridization conditions were as described previously (15, 22) . DNA probes used in DNA blot analyses were labeled with 32P by nick translation (21) . DNA fragments used for labeling were eluted from 1.0% low-melting-point agarose gels by the method of Langridge et al. (18) Analysis of transformed cells. Several of the UV-induced transformants were propagated under selection in liquid culture and further analyzed. In particular we wished to determine the following. (i) Is the introduced plasmid present intact and replicating autonomously, or has it (or segments of it) integrated into the host chromosome? (ii) Are the transformants phenotypically stable? (iii) Is the marker found in single or multiple copies? (iv) If integration of plasmid DNA has occurred, what is the organization of the cyanobacterial and plasmid sequences at the site of integration?
Two transformants have been examined in detail. One clone, designated strain 6803V, was obtained under chloramphenicol selection after transformation with pVAD1; the other clone, strain 6803,789, was obtained under chloramphenicol selection after transformation with pBR328. Figure 1 shows the results of Southern blot analysis of DNA derived from the strain 6803V clone. The blot was probed with a 1.3-kilobase-pair (kbp) radiolabeled EcoRI fragment of pVAD1 containing the chloramphenicol acetyltransferase (CAT) gene. For the first three lanes of Fig. 1 , wild-type strain 6803 DNA was digested with HindIII, BamHI, and PstI, respectively. No background crosshybridization is observed. Lanes 4 through 6 show strain 6803V DNA digested with the same three enzymes, and lanes 7 through 9 show pVAD1 (the introduced plasmid), again digested with HindIII, BamHI, and PstI, respectively. Whereas lanes 1 through 3 show no cross-hybridization between the CAT probe and wild-type strain 6803 DNA, lanes 4 through 6 indicate that CAT DNA sequences are present in 6803V. In addition, the CAT gene is present as a single band in each lane and is located on different-sized restriction fragments than in pVAD1. Judging from the sizes of DNA fragments in the hybridizing bands, the CAT gene is apparently no longer in the intact pVAD1 plasmid and has integrated in a single copy into the host DNA. This possibility is supported by the results of similar blots probed with the entire introduced plasmid. pVAD1 hybridizes to two bands in PstI-EcoRI (Fig. 2, lane 3 ; a doublet), EcoRI (lane 4), HindIII-EcoRI (lane 5), and HindIII (lane 6) digests of 6803V DNA and to a single fragment in a BamHI-PstI digest (lane 2). Again, no cross-hybridization between the probe and wild-type 6803 DNA is seen (lane 1).
From the above and other hybridization data (not shown), we have been able to construct a restriction map (Fig. 3) of the integrated CAT gene and the DNA surrounding this site. A comparison of this mapped region with a restriction map of the corresponding region of pVAD1 (Fig. 3) indicates that approximately 1.0 to 2.1 kbp of pVAD1 has become inserted The strain 6803,789 clone (obtained by transformation with pBR328 and chloramphenicol selection) has been likewise characterized. Figure 4 shows the results of a Southern blot of 6803,789 DNA digested with BamHI, PvuII, and EcoRI (lanes 2 through 4, respectively), pBR328 linearized with EcoRI (lane 5), and wild-type strain 6803 DNA digested with EcoRI (lane 1). The blot was probed with radiolabeled pBR328. As is found with 6803V, strain 6803,789 contains DNA sequences derived from the introduced plasmid which are now located on restriction fragments of sizes different from that on which they were introduced. (The plasmid pBR328 contains unique BamHI, PvuII, and EcoRI sites.) The probe shows no cross-hybridization with wild-type 6803 DNA (lane 1).
The strain 6803,789 clone differs in several respects from the 6803V clone. (i) From Southern blots of strain 6803,789 DNA probed with pBR328 (Fig. 4 and data not nidulans R2 (6) . This Anacystis-derived fragment, however, does not (at the level of detection of Southern analysis) share any homology with 6803 sequences (Fig. 2) . (iv) The two transformants also differ in their growth characteristics. Whereas 6803V cells grow at the same rate as wild-type cells (even with antibiotic in the medium), strain 6803,789 cultures grow much more slowly when antibiotic is present (data not shown). When chloramphenicol is omitted from the medium, strain 6803,789 cells grow normally, but when returned to selective medium, they resume slow growth. This change EX' indicates that the slower growth rate is not the result of a mutation but rather is an effect related to the presence of the antibiotic which may not be completely inactivated. Although the coding regions of the CAT genes in pVAD1 and pBR328 are identical, the genes differ in the origin of their respective promoters. The CAT promoter from pVAD1 in 6803V is derived from a chloroplast gene (6) , while that in 6803,789 from pBR328 is taken from the bacteriophage P1 (26) . It is possible, therefore, that the slower growth of strain 6803,789 in chloramphenicol-containing media is a reflection of the relative strengths in 6803 of the chloroplast-and phage-derived promoters. Alternatively, cyanobacterial DNA sequences into which the CAT gene is integrated may have an effect on the expression of the gene, or the slower growth may be due to changes in the coding or promoter regions of the CAT gene.
Stability of transformed phenotype. We wished to determine whether the inserted DNA sequences are maintained in the isolated clones in the absence of chloramphenicol selection. Cultures of strains 6803V and 6803,789 were grown to late-log phase in medium lacking the antibiotic, and 5-ml samples were transferred from the flasks to fresh medium. After a total of three such transfers, the cells were challenged with 10.0 ,ug of chloramphenicol per ml. Both cultures resumed growth in the presence of the drug without any lag phase. Southern blots of DNA isolated from these cells indicate that the CAT gene is found on restriction fragments of the same size as in the original transformants (data not shown). From this fact we infer that even under nonselective growth conditions, both 6803V and 6803,789 are able to retain the introduced CAT gene.
Secondary transformation. We have also determined whether DNAs purified from the two primary transformants (6803V and 6803,789) are able to transform wild-type cells of strain 6803. The results are reported in Table 2 . DNA isolated from each of these cell lines is able to transform wild-type 6803 cells at a high frequency of nearly 5.5 x 10' per recipient cell. Nearly equal numbers of colonies are obtained regardless of whether the cells are pretreated with UV light or not. DNA of one of these secondary transformants, obtained by transformation with DNA isolated from 6803V (designated 6803V-T), has been studied by Southern analysis. The CAT gene in 6803V-T is found on identicalsized HindIII, EcoRI, and BamHI-PstI restriction fragments (Table  2) . Digestion of the DNA with enzymes that cut within the coding or promoter regions of the CAT gene (EcoRI, HindIII, and PvuII) destroys the ability of the DNA to transform cells to chloramphenicol resistance ( Table 2) . Optimization of UV-induced transformation of strain 6803. Several experiments have been performed to study the relationship between the intensity of UV exposure and the frequency of transformation. The intensity of the UV exposure has been varied from 8 to 192 J/m2, and approximately 32 J/m2 has been found to be optimal (Table 3) . At this level of UV exposure, 90% of the irradiated cells survive. Longer exposures produce fewer transformants without a compensating decline in cell viability (Table 3) .
In many cases, the mutational effects of UV light can be in part reversed by illuminating the cells after irradiation. This type of photoreactivation repair has been shown to occur in several cyanobacteria (12) . To determine whether photoreactivation repair has any effect on the transformation frequency, UV-irradiated cells were maintained in total darkness with pVAD1 DNA for 6 h before being plated.
Control samples were treated normally. Utilizing this protocol, a small but reproducible increase in the transformation frequency was observed with cells. maintained in darkness (Table 3) . The difference may be attributable to the absence of light-induced repair or may alternatively be related to the cessation of photosynthetic activity.
Molecular cloning of the integrated CAT gene and flanking DNA sequences. From a complete BamHI-PstI digest of strain 6803V DNA, a 5.7-kbp fragment containing the integrated CAT gene, flanking plasmid DNA, and adjacent host sequences has been cloned into the corresponding sites of pBR322 (Fig. 2, lane 2, and Fig. 3) . The resulting plasmid, plBP1, contains the 1.0-to 2.1-kbp insert and 3.6 to 4.7 kbp of the adjacent host sequence. All of the restriction sites deduced from Southern mapping to lie within this BamHIPstI fragment (Fig. 3) have been mapped to the cloned fragment as well.
To study the organization of the integration site in the wild-type and pVAD1-transformed cells, the isolated plasmid (plBP1) was hybridized to HindIil, EcoRI, and BamHIPstI digests of strain 6803 and 6803V DNA (Fig. 6 ). In the BamHI-PstI digest of 6803V DNA, the expected 5.7-kbp fragment corresponding to the cloned fragment itself is detected (Fig. 6 , lane 2; compare with lane 3). In addition, another band of 10.5 kbp is observed. This latter fragment with no additional bands is seen in the wild-type DNA (lane 1). From this fact we infer that a sequence found at the integration site is duplicated in the 6803V chromosome.
Alternatively, during integration, a rearrangement or duplication of a portion of the genome may have occurred at the insertion site, thus retaining the wild-type chromosome arrangement.
The Hindlll and EcoRI digests confirm this observation (Fig. 6) . In lane 7, HindIll-generated restriction fragments of 0.7, 1.9, 2.8, and 9.5 kbp are detected in the wild-type DNA by the plBPI probe. Each of these bands is also present in 6803V DNA (lane 8). In addition, two bands of 1.3 and 3.0 kbp are present. These and only these fragments, which are found in 6803V but not in 6803 DNA, are detected in a similar blot of HindlIl-digested 6803V DNA that is probed with pVAD1 (Fig. 6, lane 9) ; Analogous results are obtained in Southern blots of EcoRI-digested wild-type and transformed DNA (Fig. 6) . Each band detected in wild-type DNA (lane 4) is also found in 6803V DNA (lane 5), and the additional bands detected in the 6803V digest correspond to those detected by the pVAD1 probe in EcoRI-digested 6803V DNA (Fig. 6, lane 6) . These results support the conclusion that the host DNA near the integration site is found repeated in 6803V or that integration is accompanied by a rearrangement or duplication of a part of the chromosome. This possibility is discussed further below.
The fact that p1BP1 contains the integrated CAT gene and the immediate flanking cyanobacterial DNA (i.e., that the clone does not contain multiple inserts) was verified by restriction mapping of the clone. This analysis showed that all of the recognition sites deduced from Southern mapping to lie within and surrounding the integration site are located on the cloned fragment. We do not believe that these results are due to contamination of 6803V cultures with untransformed cells because (i) the culture was maintained under constant selection at over twice the lethal dosage of chloramphenicol; (ii) the culture was begun from a single colony; (iii) the individual signals seen in Southern blots are of equilvalent intensity, indicating that the detected fragments are present in nearly equimolar concentrations; and (iv) a culture begun from a single colony obtained from a liquid culture of 6803V, grown under chloramphenicol selection and similarly analyzed, gives identical results.
Transformation with cloned cyanobacterial and CAT sequences. The cloned fragment of strain 6803V DNA containing the inserted pVAD1 sequence and flanking cyanobacterial DNA (plBP1) has been used to transform wild-type 6803 cells. A 1.8-p.g volume of intact p1BP1 DNA yields over 4,000 transformants per plate ( Table 4) . Digestion of an equal quantity of the plasmid with BamHI and PstI (releasing the cloned insert) gives fivefold fewer transformants. This result may indicate that a supercoiled or circular DNA template is more effectively incorporated into host DNA than is the linearized fragment. It is also interesting to note that no significant change in the transformation frequency is observed when UV-irradiated cells are transformed with the intact or digested plasmid ( tion of 6803V DNA with these enzymes lowers the frequency approximately 50-fold. This result may indicate that a longer stretch of flanking cyanobacterial sequences increases the probability that homologous recombination with the recipient chromosome will occur, resulting in a higher transformation frequency. As was observed with plBP1, UV irradiation of the recipient cells had no effect on the transformation frequency with 6803V DNA (Table 4) . (Table 4) . Per microgram of fragment, this result corresponds to 760 transformants for the cloned fragment compared with 2.37 x 105 transformants for the identical fragment derived directly from 6803V DNA. Apparently, DNA obtained directly from the transformed cyanobacterium is able to transform wild-type cells at a 300-fold-higher frequency than the identical fragment when it is propagated in E. coli as a plasmid. DISCUSSION UV-induced transformation. In this report we have described a novel system for transforming cyanobacteria with DNA from heterologous sources which does not require the construction of biphasic cloning vectors and which does not rely on homologous recombination to achieve transformation. As was shown with the transformants 6803V and 6803,789, plasmid DNA sequences can be directly incorporated into chromosomal DNA without the need for recloning a particular fragment into a shuttle or integrative cloning vector. This fact allows, for example, the direct introduction of heterologous DNA sequences into cyanobacterial cells to complement genetic lesions, analyze promoter sequences, and express specific gene products.
Mechanism of transformation. The cyanobacterial strain used in these experiments, Synechocystis sp. strain 6803, has been shown by Grigorieva and Shestakov to be transformable with DNA isolated from erythromycin-and ethionine-resistant 6803 cells (10) . Therefore, the effect of UV on transformation documented here probably occurs at a step after the uptake of DNA into the cells. Two possible explanations may be put forth to explain the ability of UV-treated cells to be transformed with DNA of non-6803 origin. It is possible that UV pretreatment of strain 6803 induces an array of biochemical processes similar to those of the UV-induced SOS response of E. coli (29) . Among the phenomena associated with the SOS response is the temporary alleviation of host-controlled restriction (4, 20) . Similar events may occur in UV-irradiated 6803 cells, allowing any introduced DNA fragments to escape degradation by host restriction endonucleases. Although the presence of a restriction system has yet to be demonstrated in strain 6803, such systems are known to occur in several other cyanobacteria (12) . Alternatively, the induction of an SOSlike response may lead to the increased synthesis of various proteins involved in recombination (such as the equivalent of the recA gene product) (20) . It is conceivable that any foreign DNA (or fragments thereof) present in the cell at the same time as these proteins are active may become illegitimately incorporated into host DNA. The above models can be tested experimentally.
Duplicated DNA sequences in strain 6803V. A DNA sequence located at the insertion site in 6803V is found duplicated in the transformant genome. Specifically, hybridization of a cloned fragment containing the integrated plasmid sequence and flanking cyanobacterial DNA (plBP1) to digests of 6803V DNA detects the expected bands as determined from mapping of the insertion site with pVAD1 as well as those fragments detected by p1BP1 in digests of wild-type 6803 DNA. These observations indicate that a sequence found at the insertion site is found in more than one copy in 6803V DNA. This duplication may account for the viability of these cells.
Several interpretations of these data are possible. If the region into which the CAT gene has integrated exists in duplicate copies in wild-type 6803 DNA, then the CAT gene may have become inserted into one of these sites while the other site retained its normal configuration. A second explanation is that integration of plasmid DNA in this clone was accompanied by a duplication of DNA sequences near the insertion site, thus retaining the wild-type chromosome arrangement. A partial duplication of the DNA sequence at the integration site may also account for the observation that the CAT gene in strain 6803V is located on a smaller BamHI-PstI fragment than that which is detected by p1BP1 when hybridized to wild-type DNA digested with BamHIPstI. A third possibility is that the initial UV irradiation of the cells may have induced a rearrangement and duplication of part of the chromosome, yielding the type of transformant studied here. Such UV-induced duplications have been observed in other bacteria (see reference 1 for a review).
Potential applications. The ability of strain 6803 to grow photoheterotrophically makes this cyanobacterium a particularly appealing strain in which to obtain and analyze photosynthetically deficient cells. Astier et al. (2) have already exploited this potential and have partially characterized several such mutants. In addition, the ability of 6803 to be transformed (10) makes possible the complementation of such genetic lesions and also facilitates the isolation of the affected gene(s). If insertion of plasmid DNA into the chromosome of UV-irradiated cells occurs randomly (as is suggested by the observation that the introduced DNA is inserted into different sites in 6803V and 6803,789), then by using the proper selection scheme, one would expect to obtain auxotrophic and photosynthetic mutants in which the genetic lesion is tagged with a selectable marker. Alternatively, mutants obtained by this and other methods could be complemented by creating a library of wild-type 6803 DNA in a vector (such as plBP1) which, by homologous recombination, will insert at a specific site of the chromosome. In addition, the UV-induced transformation system described here can be utilized to introduce DNA sequences directly into 6803 cells without recloning the fragment. This procedure allows, as mentioned, the introduction of DNA sequences into 6803 cells for the purposes of complementation of genetic lesions, analysis of promoter sequences, and expression of specific gene products.
